The putative envelope glycoproteins of hepatitis C virus (HCV) likely play an important role in the initiation of viral infection. Available information suggests that the genomic regions encoding the putative envelope glycoproteins, when expressed as recombinant proteins in mammalian cells, largely accumulate in the endoplasmic reticulum. In this study, genomic regions which include the putative ectodomain of the E1 (amino acids 174 to 359) and E2 (amino acids 371 to 742) glycoproteins were appended to the transmembrane domain and cytoplasmic tail of vesicular stomatitis virus (VSV) G protein. This provided a membrane anchor signal and the VSV incorporation signal at the carboxy termini of the E1 and E2 glycoproteins. The chimeric gene constructs exhibited expression of the recombinant proteins on the cell surface in a transient expression assay. When infected with a temperature-sensitive VSV mutant (ts045) and grown at the nonpermissive temperature (40.5°C), cells transiently expressing the E1 or E2 chimeric glycoprotein generated VSV/HCV pseudotyped virus. The resulting pseudotyped virus generated from E1 or E2 surprisingly exhibited the ability to infect mammalian cells and sera derived from chimpanzees immunized with the homologous HCV envelope glycoproteins neutralized pseudotyped virus infectivity. Results from this study suggested a potential functional role for both the E1 and E2 glycoproteins in the infectivity of VSV/HCV pseudotyped virus in mammalian cells. These observations further suggest the importance of using both viral glycoproteins in a candidate subunit vaccine and the potential for using a VSV/HCV pseudotyped virus to determine HCV neutralizing antibodies.
Hepatitis C virus (HCV) is a major causative agent of parenterally transmitted hepatitis (1, 4) . HCV accounts for most cases of acute and chronic liver disease, with serious consequences which may lead to the development of hepatocellular carcinoma (49) . HCV is classified in the family Flaviviridae, in a separate and as yet unnamed genus. The virus genome contains a linear, positive-stranded RNA molecule of ϳ9,500 nucleotides, encoding a polyprotein precursor of ϳ3,000 amino acids (aa) (4) . This polyprotein is cleaved by both host and viral proteases (18, 19, 53) to generate at least nine distinct polypeptides: the putative structural proteins (C, E1, and E2) and several nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B). Processing of the viral proteins examined by in vitro translation (19) and by transient expression (18) suggests that the putative structural proteins are located in the N-terminal one-fourth of the polyprotein. The core protein (ϳ21 kDa) is followed by two putative envelope proteins, E1 (ϳ31 kDa) and E2 (ϳ70 kDa), both of which are heavily modified by N-linked glycosylation. The remainder of the polyprotein is believed to encode the nonstructural proteins. The biosynthesis of the E1 and E2 glycoproteins has been studied by using a cDNA template and shown to be produced by common specific cleavage from the precursor protein at approximately amino acid positions 191 and 383 (19) . The glycoproteins are presumed to be typical type 1 membraneassociated proteins with anchorage through the carboxyl-terminal portion. The majority of E1 and E2 expressed as recombinant proteins are localized intracellularly and appear to form a complex, as evidenced by coimmunoprecipitation with antibodies to E1 or E2 (13, 45, 57) . The predominant heterodimer complex of the E1 and E2 glycoproteins is probably stabilized by noncovalent interactions, with a minor fraction of heterogenous disulfide-linked aggregates, representing misfolded E1-E2 complexes.
Biosynthesis and processing of the E2 glycoprotein has been studied extensively in the past few years, and available information suggests that posttranslational processing occurs. The existence of three E2 species with distinct C termini has been suggested to be the result of complex processing of the HCV proteins and by protein-protein interactions (53) . Amino acid sequences upstream of the cleavage site of E2 are well conserved among all HCV isolates and are similar to signal sequences. However, the efficiency of the cleavage of this newly identified site is lower than that apparent between aa 809 and 810. Inefficient cleavage at the newly identified site suggests the presence of at least two E2 products with various lengths of peptide backbones in their C-terminal moieties. When the entire region of E2 is expressed by an in vitro transcriptiontranslation system and analyzed to determine the size of the peptide backbone after treatment with endoglycosidase F, two proteins of 40 and 37 kDa are observed. Lin et al. (33) have identified a protein, called p7, by expression of a series of C-terminally truncated polyproteins which has been mapped between E2 and NS2. The presence of potential signal/anchor hydrophobic sequences preceding the E2/p7 and p7/NS2 cleavage sites and the results of cell-free translation analyses indicate that host signal peptidase may catalyze both of these cleavages. However, cleavage at the E2/p7 site is incomplete, leading to the production of two stable E2-specific proteins with different C termini, E2 and E2-p7.
There is no clear evidence which may define the mechanism of HCV interaction with mammalian cells. The lack of a convenient in vitro cell culture system (2, 32, 40, 54, 55, 64) to analyze the neutralization of HCV infectivity makes it difficult to understand the role of the individual glycoproteins in the initiation of viral infection. Phenotypic mixing of virus envelope glycoproteins (6, 36, 63) and the incorporation of proteins into vesicular stomatitis virus (VSV) have been used to facilitate the study of the biological properties of a number of envelope glycoproteins (42, 51) . VSV infects and efficiently replicates in a large range of mammalian cells. The VSV pseudotypes resist neutralization by anti-VSV antibodies but are sensitive to neutralizing antibodies specific to the envelope antigens of the donor virus. The host range for viral attachment and penetration of pseudotypes is restricted to cells bearing receptors for the donor virus. Following penetration and uncoating, however, the VSV genome contained in the pseudotyped particle replicates at the permissive temperature to produce nonpseudotyped progeny. Thus, a cytopathic plaque assay of VSV pseudotypes may be used to determine receptor expression and receptor interference and to measure neutralizing antibodies specific to the donor virus encoding the envelope glycoproteins (7) .
In this study, we have investigated the role of the HCV glycoproteins in the viral infection of mammalian cells. Chimeric genes comprised of the putative ectodomain of E1 and E2 from the genotype HCV 1a strain (HCV-1a) and the transmembrane and cytoplasmic tail of VSV G glycoprotein were constructed to express the chimeric HCV glycoproteins on the surface of mammalian cells, thereby facilitating their incorporation into the pseudotyped virus envelope. Pseudotyped virus was generated by transfection of chimeric genes and infection with a temperature-sensitive mutant of VSV (ts045). A single amino acid substitution in the ectodomain leads to misfolding and aggregation of the ts045 G protein at 40°C. This results in the retention of the G protein within the endoplasmic reticulum, and infectious virus is not produced (17, 52, 61) . This system was used to ensure the recovery of progeny VSV/HCV pseudotyped virus while decreasing the nonpseudotyped background VSV which would be present with use of wild-type virus. Infectivity of the pseudotyped virus and neutralization by HCV glycoprotein-specific antisera suggested separate roles for the E1 and E2 glycoproteins in the interaction with host cells and virus entry.
MATERIALS AND METHODS

Cells.
Human cervical carcinoma cells (HeLa), baby hamster kidney cells (BHK-21), a human T-cell lymphoma line (MOLT4), a human hepatoma cell line (HepG2), and a human embryonic lung (L-132) cell line were obtained from the American Type Culture Collection (Rockville, Md.). HeLa, BHK-21, and HepG2 cells were grown in Dulbecco's medium supplemented with 10% fetal calf serum, penicillin (100 U/ml), and streptomycin (100 g/ml). MOLT4 cells were grown in RPMI 1640 supplemented with 15% fetal calf serum and antibiotics.
HCV-specific antibodies. Rabbit antisera WU122 and WU105 (18) , raised against bacterially expressed HCV E1 and E2 proteins, respectively, were kindly provided by Charles M. Rice (Washington University, St. Louis, Mo.). Murine monoclonal antibodies (MAbs) to E1 (3D5/C3) and E2 (3E5-1) and a polyclonal mouse antiserum (2m) to the recombinant E2 glycoprotein were kindly provided by Michael Houghton (Chiron Corporation, Emeryville, Calif.). These antibodies and the polyclonal antisera generated to two different peptides representing B-cell epitopes of E1 (46) were used to characterize the chimeric glycoproteins or to test for specific neutralization of HCV/VSV pseudotyped virus infectivity. Sera from chimpanzees immunized with the recombinant E1 and E2 coexpressed in and purified from HeLa cells, or with a combination of yeast-expressed E1 (aa 190 to 330) and baculovirus-expressed E2 (aa 404 to 661) proteins (5, 48) , kindly provided by Michael Houghton, were also used to test the neutralization of pseudotyped virus infectivity. Hyperimmune rabbit sera to VSV (42) and vaccinia virus (VV) (43) were used to neutralize any potential VSV or VV generated in the production of pseudotyped virus.
Chimeric gene construction. Cloned DNA encoding the complete G protein of VSV (pSVGLI; kindly provided by John K. Rose, Yale University, New Haven, Conn.) was used to obtain the transmembrane domain and cytoplasmic tail of the G protein. The VSV G insert was excised from pSVGLI by digestion with EcoRI and inserted into the mammalian expression vector pcDNA3 (Invitrogen, San Diego, Calif.). Subsequently, an oligonucleotide (5Ј TTC AGT AGT gGt Acc AGC TCC ATT 3Ј) containing the KpnI site (underlined) and an SP6 primer were used to synthesize the genomic region encoding the entire transmembrane domain and cytoplasmic tail (39 amino acid residues from the carboxyl terminus) of the VSV G protein along with the 3Ј flanking vector sequences by PCR. (The nucleotides in lowercase show changes made in the synthetic oligonucleotide primers to create suitable restriction enzyme sites to facilitate cloning into the plasmid vector or for in-frame ligation with the VSV G sequences.) The amplified product was digested with KpnI and EcoRI for unidirectional cloning into the pcDNA3 expression vector for use in chimeric gene constructs.
Based on the available information, the amino acids positions of the E1 and E2 molecule were chosen to represent their respective putative ectodomains for the generation of the chimeric proteins. The HCV E1 (aa 174 to 359) genomic region was amplified from a partial cDNA clone (Blue4/C5 p-1) of HCV-1a containing the 5Ј untranslated region, C, E1, E2, and a portion of NS2 (kindly provided by Michael Houghton). Both sense (5Ј CTT CCT GGT acC atg TTC TCT ATC 3Ј, nucleotide positions 504 to 528, containing the underlined KpnI site) and antisense (3Ј GAA ATA CGC ggT aCC CGC CAG 5Ј, nucleotide positions 1665 to 1686, containing the underlined KpnI site) primers were used for PCR amplification of the genomic region as described earlier (25) . Amplified DNA was digested with KpnI for in-frame ligation of its carboxyl terminus with the transmembrane and the cytoplasmic domain of VSV G, already cloned into the pcDNA3 vector, as described.
We selected E2 genomic sequences up to aa 742 to cover a known E2 product and to retain those sequences which have the potential to interact with E1. The HCV E2 (aa 371 to 742) genomic region was similarly amplified by using a sense (5Ј ATG GTG GGt AcC TGG GCG ATG GTC 3Ј, nucleotide positions 1092 to 1113, containing the underlined KpnI site) and antisense (5Ј CTC CGC TTG GGt acc GAG GAT 3Ј, nucleotide positions 2214 to 2235, containing the underlined KpnI restriction site) primers and ligated in frame through the carboxyl terminus to the transmembrane domain of VSV G protein. A stop codon was present at the end of the VSV cytoplasmic tail in all of the chimeric gene constructs. In the chimeric E1 gene construct, aa 359 was changed from isoleucine to threonine. In the E2 gene construct, minor amino acid changes (Leu 379 to Ile, Ilu 741 to Gly, and Ser 742 to Thr) were made to facilitate in-frame ligation with the VSV G transmembrane domain.
In vitro translation. Chimeric gene constructs were used for in vitro translation using the TNT coupled reticulocyte lysate system with T7 RNA polymerase in the presence of canine pancreatic microsomal membrane (Promega Corporation, Madison, Wis.) as described earlier (47) . As a negative control, pcDNA3 vector alone was included. The reaction was carried out in the presence of [ 35 S]methionine (Amersham Corporation), and the translation products were analyzed by immunoprecipitation with specific antibodies.
Immunofluorescence. Protein expression from the chimeric gene constructs was tested by transient expression (16) using recombinant VV expressing the bacteriophage T7 polymerase (vvT7). HeLa-T4 cells, which are relatively resistant to the cytopathic effect of VV, were infected with vvT7 and transfected with plasmids containing the chimeric genes by using Lipofectamine (Bethesda Research Laboratories, Gaithersburg, Md.) as described earlier (20) and incubated for expression of the viral proteins. Cells were tested after 20 h of transfection for surface expression of the viral glycoproteins by indirect immunofluorescence. MAbs to the E1 (3D5/C3) and E2 (3E5-1) glycoproteins were added as the primary antibodies and incubated for 30 min at room temperature. After washing with phosphate-buffered saline (PBS), a fluorochrome-conjugated second antibody to mouse immunoglobulin (Zymed Laboratories Inc., San Francisco, Calif.) was added and incubated for an additional 30 min. After subsequent washings with PBS, the coverslips were mounted on microscope slides with a solution of glycerol in PBS and viewed with a fluorescence microscope (Nikon Optiphot-2) to observe the cell surface expression of HCV glycoproteins.
Generation of VSV/HCV pseudotyped virus. BHK cells were infected with vvT7 (multiplicity of infection ϳ5) and VSV ts045 (multiplicity of infection of ϳ5). After a 1-h adsorption of the virus, cells were rinsed and transfected individually with the E1G or E2G plasmid DNA (experimental), wild-type VSV G (VSV G wt ) cloned into pcDNA3 under the control of T7 promoter (G wt /VSV; positive control), or pcDNA3 vector DNA (negative control) by using Lipofectamine (Bethesda Research Laboratories) and incubated at 40.5°C for 5 h. The transfection mix was removed, serum-free medium was added, and incubation continued for another 16 h. Cell culture medium was collected and clarified by centrifugation at 3,000 ϫ g for 15 min. The supernatant was filtered through a sterile MILLEX-V 0.1-m-pore-size filter unit (Millipore Products, Bedford, Mass.) to aid in the removal of VV (50) or treated with high-titer antiserum to VV at the appropriate time. The culture fluid was flash frozen and stored at Ϫ70°C in aliquots for future use, with each aliquot thawed for a single time prior to use. Pseudotyped virus preparations were tested for reverted ts045 or VV by neutralization with a high-titer anti-VSV or anti-VV serum, respectively. Additionally, the pseudotyped virus was assayed at 40°C, and absence of plaque formation further indicated its temperature-sensitive phenotype.
Analysis for infectivity of pseudotyped virus. The virus titer of the supernatant was determined after incubation with neutralizing antiserum to VSV and/or VV by plaque assay using HepG2, BHK, and MOLT4 cell lines. To test with MOLT4 cells, the pseudotyped virus was incubated with the cells at 33°C, washed, and dispersed on top of BHK indicator cells to detect progeny VSV release from MOLT4 cells (9) . Cells were overlaid with 0.8% agarose containing Dulbecco's medium and incubated at 33°C. Alternatively, virus titer was determined by direct infection of the HepG2 or BHK cell monolayer with an agar overlay. Infectivity of the pseudotyped virus depends on the attachment and interactions of the HCV glycoproteins present on the pseudotyped virus with the target cells. Once the genome of VSV enters into cells, normal replication of VSV occurs and plaque formation is detected. Cells were stained with an additional overlay of agar containing 0.005% neutral red 44 h after infection to facilitate plaque counting. Fuzzy plaques ϳ2 mm in diameter were visible and counted after 6 h of staining.
To determine the neutralizing antibody response, pseudotyped virus (approximately 100 PFU) was incubated with anti-VSV and anti-VV neutralizing antiserum (42, 43) , with or without HCV-specific test antibodies. HCV-specific ascites fluid or antisera were heat inactivated at 56°C for 30 min and adsorbed with kaolin to remove potential viral inhibitors as described earlier (10) . The predetermined number of plaque-forming virus particles with (experimental) or without (control) antibody was incubated at 33°C for 45 min, added to HepG2, BHK, or phytohemagglutinin-stimulated MOLT4 cells, and incubated at 33°C for 1 h with intermittent tilting. HepG2 or BHK cells were washed two times with Dulbecco's medium, and an overlay with 0.8% agarose containing Dulbecco's medium adjusted to 1ϫ was added onto the cell layer. Similarly, MOLT4 cells were washed and added on top of BHK cells. Cells were overlaid with a minimum volume of Dulbecco's medium (ϳ0.2 ml), and a similar overlay of 0.8% agarose was added 15 min after the addition of cells. Cells were stained with an additional overlay of agar containing 0.005% neutral red and counted after 6 h of incubation as described above. A reduction of Ն50% in the number of pseudotype PFU compared to the control was considered the neutralization titer of the experimental antibody.
RESULTS
Chimeric gene constructs of HCV E1 and E2 glycoproteins.
The carboxyl-terminally truncated E1 (aa 174 to 359) gene construct from HCV-1a allows for the secretion of the HCV glycoprotein in mammalian cells (53) . On the other hand, the major contributing factor for the oligomerization of E1 and E2 was mapped to the vicinity of hypervariable region 2 (HVR2) of E2. The amino acid sequence WHY in this region plays a crucial role in the association between E1 and E2, and the N-terminal part of E1 is important for binding to E2 sequences (62) . Furthermore, a major hydrophobic region is present at the amino terminus of E2. Based on this information, the amino acid positions of the E1 (aa 174 to 359) and E2 (aa 371 to 742) glycoproteins were chosen for these chimeric gene constructs. To this region, the transmembrane domain and cytoplasmic tail of VSV G were appended at the C terminus to provide a membrane anchor signal. Chimeric gene constructs (E1G and E2G) composed of the putative ectodomain of the E1 and E2 glycoproteins and the transmembrane and cytoplasmic tail of VSV G are shown in Fig. 1 . The gene constructs contained the signal peptide and cleavage site from the amino terminus of the E1 or E2 protein. Orientation of the gene constructs were tested by restriction enzyme digestion and by nucleotide sequencing of the junction regions.
Analysis of protein products from chimeric gene constructs. To characterize the polypeptides encoded by the chimeric gene constructs, an in vitro translation assay was performed in the presence of microsomal membrane. Protein expression from the chimeric gene constructs was also analyzed in transfected mammalian cells by using vvT7 (16) and immunoprecipitation. In vitro-translated products were immunoprecipitated by HCV-or VSV-specific antibodies and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 2) . Two major polypeptide bands of ϳ32 and ϳ28 kDa appeared as translated protein products from the E1G chimeric gene construct. The polypeptides probably represent different glycosylated forms of the E1 protein, as they were immunoprecipitated by a MAb to the E1 glycoprotein or an anti-VSV serum ( Fig. 2A) . Similarly, antibodies immunoprecipitated the polypeptides from transient expression assay (data not shown). Analysis of the in vitro-translated E2G chimeric gene construct suggests synthesis of the authentic E2 polypeptide of ϳ70 kDa, immunoprecipitated by anti-VSV serum (Fig. 2B) . The other immunoprecipitated low-molecular-size polypeptides may represent precursor or partial glycosylated forms of E2. However, use of the available antibodies to E2 failed to convincingly immunoprecipitate E2 glycoprotein either from in vitro-translated product or from transiently transfected mammalian cells. The reason for lack of reactivity of the antibodies to the E2 glycoprotein is not clear at this time. Since VSV/HCV proteins are exported to the cell surface rather than retained in the endoplasmic reticulum, they may have different glycosylation or conformation patterns, which may alter the antigenicity of the chimeric proteins.
Cell surface expression of the HCV chimeric glycoproteins. The chimeric gene constructs were tested in a transient expression assay to determine the localization of the recombinant 
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on September 30, 2017 by guest http://jvi.asm.org/ glycoproteins by surface immunofluorescence. Both gene constructs showed expression of E1 and E2 on the plasma membrane, as detected by specific MAbs in unfixed cells (Fig. 3A and B). Parallel mock-transfected negative control cells did not show any reactivity with the antibodies in a similar assay (Fig.  3C) . Results from this experiment indicated that the HCV chimeric glycoproteins were processed from the transfected gene constructs and transported to the mammalian cell surface. Although the MAb to the E2 glycoprotein reacted with the chimeric E2 in an immunofluorescence assay, the same antibody could not immunoprecipitate E2 either from in vitrotranslated product or from transiently transfected mammalian cells.
Infectivity of the VSV/HCV pseudotyped virus.
Culture medium from BHK cells transfected with the chimeric gene constructs and infected with a temperature-sensitive mutant of VSV (ts045) was examined for the generation of VSV/HCV pseudotypes ( Table 1) . The virus showed titers in the order of Ͼ10 4 PFU/ml, and these levels were not altered following treatment with high-titer anti-VSV or anti-VV serum, suggesting the absence of detectable revertant VSV or VV leakage in the pseudotyped virus preparation. Furthermore, plaques were not observed in culture fluid derived from mock-transfected controls under identical assay conditions. The titer in the culture fluid of the pseudotype G wt /VSV (positive control), generated by transfection with VSV G wt cloned into pcDNA3 under the control of a T7 promoter, was greater than 10 5 PFU/ml (Table 1) . Plaques were not observed with G wt /VSV when assayed at 40°C, indicating that the rescued virus was still temperature sensitive and showing that rescue of ts045 did not result from reversion of the temperature-sensitive phenotype. Infectivity of the pseudotyped virus generated from cells expressing either the E1 or E2 glycoprotein in the presence of anti-VSV and anti-VV serum suggested that the individual glycoproteins of HCV may have a functional role associated with or leading to virus entry into host cells. A similar plaque assay of the E1 or E2 pseudotype virus in MOLT4 cells on top of BHK indicator cells showed distinct plaque formation. Dis- crete small plaques in HepG2 cells were also noted when pseudotyped virus stock was similarly titrated. However, the number of distinct plaques was visibly lower, especially with the HepG2 cells, over a similar incubation period. Plaque size also differed with cell type: BHK cells presented the more distinct large plaques, an intermediate size was seen in MOLT4 cells, and the smallest plaques were seen in HepG2 cells. On the other hand, a similar plaque assay of the HCV/VSV pseudotyped virus failed to show detectable plaque formation on HeLa or L-132 cells. However, G wt /VSV (positive control) showed distinct plaque formation on these two cell types. This result suggested the lack of interaction of the chimeric E1 or E2 glycoprotein with HeLa and L-132 cells or lack of entry of the pseudotyped virus by pinocytosis as a possible nonspecific entry mechanism. A similar chimeric protein between human immunodeficiency virus Env and VSV G (Env-G665) was examined earlier, using the ts045 rescue system (42a). This chimeric protein was incorporated into pseudotyped virions but did not rescue infectivity. If pinocytosis is sufficient to confer infectivity of pseudotyped virus, this chimeric protein would also be expected to be infectious. Since the pseudotyped virus causes infection in BHK cells, it appears that the receptors for HCV glycoproteins are also present in nonhepatic and nonhuman cells, but it is not proven that this cell line supports HCV replication. Limited virus replication has previously been observed in porcine kidney (PK-15) and Vero cells (1a) . Efficient long-term viral replication, however, has not been described for any system. It is possible that HCV has receptors on a number of cell types. However, the virus is probably stringently hepatotropic, being restricted to replicate and release only in differentiated hepatocytes which may have specific functions to support viral growth. Since plaquing efficiency of the pseudotype virus was highest on BHK cells, the remainder of the study was performed with this cell line.
Role of antibodies in the neutralization of HCV/VSV pseudotyped virus infectivity. We included a number of antibodies and blinded sera from chimpanzees immunized with the viral glycoproteins to test for neutralization of pseudotyped virus infectivity. Antibodies that were positive for reactivity with the E1 or E2 glycoprotein in a binding or immunoprecipitation assay and antibodies known not to react with the viral antigens were tested for the ability to neutralize VSV/ HCV infection of BHK cells by incubating the pseudotyped virus with antibody prior to addition onto the cells. Results clearly demonstrated that the sera from chimpanzees immunized with HCV recombinant glycoprotein preparations which exhibited protection from challenge infection produced significant reductions (Ն50%) in the number of pseudotype PFU at a dilution of 1/100 to 1/500 (Fig. 4) . In contrast, chimpanzee 635, which received a vaccine derived from yeast and insect cells (48) rather than the mammalian cell-derived vaccine that chimpanzees L357, L534, and L559 received, failed to show neutralization of pseudotyped virus infectivity. The neutralization of pseudotyped virus infectivity was tested in at least three separate experiments using different stocks of pseudotyped virus preparations. The neutralizing chimpanzee sera specific FIG. 4 . Serial dilutions of sera from chimpanzees L357, L559, L534, and 635 vaccinated with recombinant envelope glycoproteins of HCV were tested for neutralizing antibodies to VSV/HCV pseudotyped virus. Activities at different reciprocal dilutions of immunized sera to the E1 (ᮀ) and E2 (s) glycoproteins are expressed against pseudotype plaque numbers. Preimmune chimpanzee sera were similarly tested for reactivity to the E1 (E) and E2 (F) glycoproteins as negative controls. Plaque numbers varied within Ϯ5 in each independent experiment. b Rabbit antisera to VSV and VV were heat inactivated at 56°C for 30 min and separately titrated for neutralization of the indicated viruses prior to use in this analysis. Both antisera had neutralization titers of Ͼ10 5 at 1:1,000 dilution. c Range of virus titers at 32°C from three experiments. Viruses did not form detectable plaques when grown at 40°C.
for the HCV glycoproteins, when tested for reactivity with G wt /VSV at 1:50 and 1:100 dilutions, did not display neutralization of virus plaque formation. The results further suggested that antibodies specifically prevent pseudotyped virus infection generated from the HCV E1 or E2 glycoprotein. Chimpanzees L357, L534, and L559 were completely protected against homologous challenge with 10 infectious doses of HCV-1 (5). Chimpanzee 635 became infected upon challenge with HCV and is a carrier. Results derived from immunized chimpanzees suggest the importance of subunit vaccination using recombinant glycoproteins produced in mammalian cells and correlates with the induction of neutralizing antibodies to the VSV/ HCV pseudotyped virus. On the other hand, a MAb or mouse antisera to two B-cell epitopes of the E1 glycoprotein, when tested similarly (Table 2) , displayed a weak pseudotype neutralization titer (1/20) . We also tested monospecific rabbit antisera to unglycosylated (bacterially expressed) E1 or E2 proteins and a polyclonal mouse antiserum (2m) to the recombinant E2 glycoprotein of HCV for pseudotyped virus neutralization. The rabbit antiserum to the E1 glycoprotein showed a weak neutralization titer (1/20), whereas anti-E2 serum had a neutralizing titer of Ͻ1/10 against the relevant pseudotyped virus. Further, the mouse antiserum (2m) to the recombinant E2 glycoprotein showed neutralization (titer of 1/100) specifically to the E2 pseudotyped virus.
DISCUSSION
We have used an artificial HCV/VSV pseudotyped virus as an alternative to an in vitro infection system for HCV to study the binding and entry of HCV into target cells. Results from this study suggested an independent functional role for both the E1 and E2 chimeric glycoproteins of HCV in pseudotyped virus infectivity of mammalian cells, provided that the functions of the chimeric glycoproteins used in this assay reflect those seen in natural infection. We do not know at this time whether the E1 and E2 glycoproteins of HCV display a fusion activity with the host cell membrane or if the parenteral VSV genome of the pseudotyped virus enters into cells by receptormediated endocytosis at or around the neutral pH used under our experimental conditions. The antibodies generated as a result of immunization of the recombinant E1 and E2 glycoproteins expressed in mammalian cells induced pseudotyped virus neutralizing antibodies in chimpanzees, and the immunized chimpanzees also showed protection or ameliorated disease following challenge infection with a homologous HCV strain (5) .
Immunity in HCV infection appears to be weak, but the reasons for this are not clear (44) . Both E1 and E2 possess an N-terminal hypervariable domain (3, 22, 23) . Although the immune response to the E1 glycoprotein has not been analyzed, some important observations have been made regarding the E2 glycoprotein of HCV. Amino acid sequence variation in the E2 hypervariable domain is comparable to that of the human immunodeficiency virus type 1 gp120 V3 domain (60) , and changes in HCV amino acid coding are reported to be associated with a number of mutations, clustered at the 5Ј end of the E2 coding region (41) . Two hypervariable regions, HVR1 (27 amino acids) and HVR2 (7 amino acids), in the putative E2 envelope glycoprotein have been identified (14, 23) . HVR1 contains a sequence-specific immunological epitope which induces the production of antibodies restricted to the specific viral isolate (23, 60) . E2 variants can coexist simultaneously within a single individual, or a particular variant may predominate during different episodes of disease, contributing to a quasispecies nature of HCV (23, 34, 35, 60) . HVR1 is probably the major site of HCV genetic drift, with amino acid substitutions in the two overlapping B-cell epitopes of HVR1 leading to escape from recognition by preexisting anti-HVR1 antibodies, and qualitative changes in antibody accompany HVR1 epitope shifts during the clinical course of hepatitis (24) . Antibodies to the hypervariable region of the E2 glycoprotein have been shown to be protective and contribute to the selective replication of HCV in chimpanzees (26) . The early appearance of antibodies to the N terminus of HVR1 is suggested with acute self-limiting infections of HCV (65) . Binding of HCV to cells measured by reverse transcription-PCR for monitoring viral infection parallels in vitro infectivity of HPB-Ma cells and neutralization of HCV mediated, in part, by an isolate-specific antibody recognizing the HVR1 region (54, 56) . In vitro neutralization of HCV by patient sera (14) and by the hyperimmune serum to the HVR1 of E2 (15) showed similar results in in vitro binding studies (56) . Zibert et al. (64) suggested that although a majority of neutralizing antibodies are directed against the HVR1 of E2, the existence of high titers of HVR1-specific antibodies may not predict neutralization and is not sufficient to block the binding of virus to human fibroblast cells. In a different study (48) , the E2 glycoprotein was shown to bind human cells with high affinity, and the ability to neutralize the binding of E2 derived from the HCV-1 genotype was equally distributed among sera from patients infected with HCV genotypes 1, 2, and 3, demonstrating that binding of E2 is partly independent of E2 hypervariable regions.
Viral envelope proteins play roles in several aspects of the viral life cycle such as receptor binding, penetration of host cells, and virus morphogenesis at budding (reviewed in reference 30). Enveloped viruses often contain one or more types of membrane proteins which may constitute a higher-order oligomer. Single-stranded enveloped RNA viruses such as influenza viruses, alphaviruses, rhabdoviruses, and flaviviruses are internalized into cells by receptor-mediated endocytosis. Other enveloped viruses, including paramyxoviruses, coronaviruses, and retroviruses such as human immunodeficiency virus, have glycoproteins which mediate fusion at neutral pH. While these viruses can cause fusion of the plasma membrane, it remains to be determined conclusively if successful entry leading to viral replication occurs via entry at the plasma membrane or after internalization and with pH-independent fusion occurring in endosomes. In addition, the roles of host and viral membrane lipid composition in conjunction with the nature of the cellular cytoskeletal architecture have to be considered and may contribute to initiate fusion. a HCV-specific antibodies were tested at 1/10 and higher dilutions. b The indicated pseudotyped viruses were treated with hyperimmune rabbit antisera to VSV (1:50) and VV (1:50) as an additional precautionary step in case of reversion of VSV or leakage of VV during testing for neutralization with HCV-specific antibodies. ND, not determined.
The interaction between E1 and E2 and their role as a heterodimeric functional subunit during HCV infection has been suggested earlier (11, 13, 18, 31, 45) . A recent study with pestivirus, an enveloped positive-stranded RNA virus, suggested that infection is accomplished by the interaction of at least two structural proteins, E rns and E2, which interact with different cell surface components (20a) . The alphavirus Semliki Forest virus (SFV), another positive-stranded RNA virus, enters cells by receptor-mediated endocytosis and undergoes fusion at low pH. The SFV spikes consist of heterotrimers of noncovalently associated subunits, two transmembrane proteins E1 and E2, and a small peripherally associated subunit E3. The E2 and E3 polypeptides of SFV are derived from a precursor protein, cleavage of which is required for efficient fusion. However, it is generally believed that a hydrophobic domain contained within E1 is the fusion peptide (30) . In Sindbis virus, the highly conserved E1 glycoprotein is involved in cell attachment, membrane fusion, and entry (reviewed in reference 59). On the other hand, the E2 glycoprotein also helps in cell attachment and contains the most potent epitopes for eliciting neutralizing antibodies. The binding of herpes simplex virus types 1 and 2 (HSV-1 and HSV-2), DNA viruses, is mediated by the interaction of viral envelope glycoproteins B and C (gB and gC), and fusion is mediated by gB, gD, and gH-gL hetero-oligomers (58) . In HSV syncytial mutants, even though the gK is not localized on the cell surface, it influences fusion of infected cells (21) . Our results regarding VSV/HCV pseudotype infectivity suggest that the HCV E1 and E2 glycoproteins may be involved either independently or in concert as a high-order oligomer for virus entry into cells. If HCV entry occurs through a hetero-oligomeric complex of the envelope glycoproteins, the question remains as to the specific role of E1 and/or E2 in this active conformation. Since the pseudotyped virus expressed individual monomers, their conformation may be altered in the heterodimer of E1 and E2 on the native virus particle. Hyperimmune serum to HVR1 of E2 is known to neutralize HCV infectivity (15) . Even though the individual E1 and E2 glycoproteins may have a role in the heterodimeric form in virus particle, antibodies to either of them may perturb the active conformation for receptor binding and virus entry into a susceptible form. Future studies should further clarify the biological role of the envelope glycoproteins in the normal life cycle of HCV.
